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The basic keratin pattern of mammalian epidermis consists of 
the basal keratin pair KS/K14 and the differentiation-specific 
keratin pair Ki/Ki0. Distinct skin sites of the adult mouse, 
i.e., ear, sole of the foot, and interscale regions of tail skin, 
express an additional, type II 70-kilodalton (kDa) keratin 
without a defined new type I partner in suprabasal epidermal 
cells. Until now, the question whether this large keratin is 
specific for the mouse {or related small rodents} or whether 
orthologous keratins exist in other species has not yet been 
answered. In the present study, we have determined the full-
length amino acid sequence of the 70-kDa keratin. The kera-
tin comprises 707 amino acid residues and has a calculated 
molecular weight of 70,976.70 Da. From the structural 
point of view, the 70-kDa keratin is remarkablf' in that more 
than half of both the Vi and V2 subdomains of its non a-he-
lical head and tail portions consist of different glycine-rich 
K eratins are a family of about 30 structurally related proteins that are differentially expressed in epithelial cells and tissues. According to the charge properties of the proteins, one distinguishes between basic to neutral, type II keratins, and acidic, type I keratins. At 
least one member of each of these subfamilies is required for fila-
ment formation (for reviews, see [1-4]). Detailed studies of epithe-
lial keratin expression patterns have revealed that, as a rule, a distinct 
keratin of one type tends to be coexpressed with a specific partner of 
the opposite type so that the resulting keratin pairs represent useful 
markers for various states or pathways of epithelial differentiation 
[1- 5]. In the mammalian epidermis, for example, the keratin pair 
K5 (type II) and K14 (type I) is typical for basal cells, whereas 
suprabasal, differentiating cells express the keratin pair K1/KlO. 
Together, the two keratin pairs constitute the basic epidermal kera-
tin pattern that is characteristic for mammalian "skin type" differ-
entiation [1 - 6]. . 
Occasionally, however, locally restricted skin sites exhibit devia-
tions from the basic epidermal keratin pattern in that additional 
members of the keratin multi gene family are expressed in differen-
tiating cells. This, for example, is the case for human plantar and 
palmar epidermis in which, besides Kl and K10, an additional ty.re I 
64-kDa keratin, designated K9 in the catalog of human keratins [2], 
is expressed without a defined new type II partner [7]. The expres-
sion of this keratin is not restricted to humans. By means of an 
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peptide motifs that are configured consecutively at least two 
times and as much as seven times in tandem. By means of 
sequence comparisons and phylogenetic investigations, we 
show that the 70-kDa keratin represents the murine ortholog 
of the human 6S-kDa keratin K2e, whose nature as a genuine 
keratin has recently been demonstrated. The unusually large 
size difference of 5 kDa between MK2e and HK2e is due 
mainly to a different duplication rate of the glycine-rich 
peptide motifs in the respective V sub domains of the ortho-
logous keratins. We discuss the properties of these highly 
specialized keratins, which in both species define locally re-
stricted epidermal keratin phenotypes, and compare them 
with other o~hologous keratins that belong to the basic epi-
dermal keratm pattern. Key words: human keratin/mouse/epi-
dermis.] Invest Derma tal 102:165-170, 1994 
antibody to human K9, orthologous keratins could be demonstrated 
in anatomical equivalents of human plantar and palmar el'idermis, 
i.e., the bovine heelpad on the posterior side of the hoof [7] and in 
the footpads of the sole of the foot of various rodents [8]. In any of 
these species, however, two differentiation-specific keratin pairs, 
resulting from the competition ofK10 and K9 for filament forma-
tion with K~, are possible and specify the local epidermal phenotype 
of mammahan callus-forming epidermis [7,8]. 
A similar deviation from the basic epidermal keratin pattern con-
cerning, however, an additional type II keratin, is encountered in 
distinct skin sites of the mouse. These comprise the ear epidermis, 
the sole of t.he fo?t epidermis proper, and the orthokeratinizing 
interscale e~Jlde~s that regularly alternates with a parakeratiniz-
ing scale epldermls of adult mouse tail skin [9]. In all these body sites 
a large type II 70-kDa keratin is expressed without a defined new 
type I partner in addition to Kl and KlO in suprabasal cells [10]. The 
question whether the 70-kDa keratin is specific for the mouse (and 
related small rodents) or whether, similar to K9, it possesses ortho-
logs in other species could not yet definitely be answered. Whereas 
the se;u;c.h for orthologous keratins of human K9 in other species 
was faclhta~ed by t!le. fact that this keratin is only expressed in one 
morphologlcally dlstl11ct skin site [7,8]' the multiple and morpho-
logically heterogeneous epidermal sites that express the 70-kDa 
keratin do not offer an adequate orientation for investigations in 
other species. Attempts to circumvent this problem by means of 
sequnce comparisons were hampered by the fact that only a small 
part of the primary structure of the 70-kDa keratin has been eluci-
dated so far [10]. The present study was therefore aimed at deter-
mining the full-length sequence of the murine 70-kDa keratin and, 
in the light of new findings in the field of human epidermal keratin 
expression [11], at reassessing its possible orthologous relationship 
with a human keratin. 
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Figure 1. Nucleotide sequence of clone pke70-1 and the 
deduced amino acid sequence of the murine 70-kDa keratin. 
Large arrows, central Q-helical domain. The stop codon TAG 
is boxed and the polyadenylation signal AA T AAA is underlined. 
Brackets, consecutive peptide repeats in the Vl and V2 sub do-
mains. The length of the previously published partial cDNA 
clone pke70 [10] is denoted by open arrowheads. Solid arrow_ 
head, the base G at position 2081 that has been overlooked 
in the previous sequence analysis [10]. The sequence is avail-
able from the EMBL DATA LIBRARY, accession number 
X74784. 
MATERIALS AND METHODS 
cDNA Cloning and Sequencing Total RNA was isolated from heat-
separated adult mouse sole of the foot epidermis using RNN°\ according to 
the manufacturer's instructions (W AK, Chemie Medical GmbH, Ham-
burg). PolyA+RNA was obtained by means of a commercially available 
mRNA Purification Kit (Pharmacia, Freiburg) and subsequently used for the 
construction of a cDNA library in 19t10 [12]. The library was screened for 
clones encoding the 70-kDa keratin using a 3' -specific 690-base pair (bp) 
Bam Hl fragment of the previously published partia170-kDa keratin cDNA 
clone pke70 [10]. The 3.1 kilobase pair (kbp) insert of the largest of the 
positive clones, pke70-1, was subcloned into Bluescript II KS+ (Strategene, 
Heidelberg) and sequenced according to Sangeret af [13] using first M13 and 
T3 primers and subsequently 17mer oligonucleotides as walking primers. 
formaldehyde-fixed paraffin sections of adult mouse ear, tail, and footsole 
skin was perfonned using the commercially available DIG-Kit SystenlS 
(Boehringer, Mannheim) as described by Fisher et af [16] with some modifi_ 
cations. The details of the modified method will be described elsewhere. 
Phylogenetic Tree Construction The construction of a phylogenetic 
tree on the basis of the a-helical 2B subdomains of various human and 
murine type II keratins was perfonned using program TREE of the HUSAR 
System (Heidelberg Unix Sequence Analyses Resources) of the German 
Cancer Research Center. The logic of TREE is essentially described by Feng 
and Doolittle [14]. TREE produces multiple alignments for a set of protein 
sequences by iteratively examining the sequences. An approximate phyloge-
netic order of the sequences is first detennined by a series of pairwise align-
ments by the Needleman and Wunsch method [15]. Any subclusters that 
may exist in a set are prealigned before final alignment. Finally, the phylo-
genetic tree of the sequences is plotted in the form of a dendogram. 
In Situ Hybridization Non-radioactive ill situ hybridization with the 
digoxigenin-Iabeled 690-bp BamH 1 3' -fragment of clone pke70-1 on para-
Keratin Extraction and Two-Dimensional Gel Electrophoresis 
Keratins were extracted from heat-separated epidermis of both the sole of the 
foot and the car, as previously described [17], Two-dimensional non-equi_ 
librium pH gradient gel electrophoresis (Nephge, pH 3 -10) was performed 
as described by O'Farrell et al [18]. Gels were stained with 0.1 % Coomassie 
blue in 40% methanol and 10% glacial acetic acid and destained in the same 
solution without the dye. 
RESULTS 
Sequence Features of the 70-kDa Keratin and its mRNl\. 
Figure 1 shows the complete nucleotide sequence and the derived 
amino acid sequence of the murine type II 70-kDa keratin, The 
protein comprises 707 amino acid residues. It exhibits a calculated 
molecular wei'ght of 70,976,69 Da and therefore represents the 
largest known mammalian type II keratin. Both the calculated and 
the electrophoretic ally determined values of its molecular weight 
are in line with the finding that keratin sizes determined on the basis 
of amino acid sequences are with one exception [19] generally larger 
by about 1 kDa than the corresponding SDS-P AGE size estimates 
(for summaries, see [6,20]) , In this context, it has to be mentioned 
that the last 24 amino acid residues of our previously published 
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Figure 2. Amino acid sequence comparison of the murine 70-kDa keratin 
(upper row) and the human keratin K2e (lower row) . The two sequences are 
aligned to maximize hOIl}ology with ga,P weight set to 5. The a-helical (1 A, 
1B, 2A, 2B) and non a-helical (Lt, Ltj2, L2) subdomains of the central rod 
domain are indicated according to Steinert et al [3,25J. 
partial 70-kDa keratin sequence [10] are incorrect, as they origi-
nated from a reading frame in which base G at position 2081 (solid 
arrowhead in Fig 1) had been overlooked. The revised sequence in 
Fig 1 shows that the structural features of the 70-kDa keratin are 
consistent with those of other keratins expressed in stratified squa-
mous epithelia. Due to its large size, it exhibits an exceptionally 
high content of glycine residues in both the amino- and carboxyter-
minus, including numerous repeats of the basic motif (G) GGF, (G) 
GGS in the head and GGGY, (G) GGS in the tail domain. A detailed 
analysis of these regions reveals, however, that both the aminoter-
minal Vl subdomain and the carboxy terminal V2 subdomain dis-
playa high structural organization that consists of the regular spac-
ing of multiple peptide repeats of different length and sequence. 
Thus, the amino terminal VI subdomain contains a tandem repeat 
fiGGSS that is directly followed by seven consecutive GFGGG~ 
repeats, as well as four GFGGG and two PGGFGG repeats (Fig 1). 
In contrast to the Vl sub domain, the V2 subdomain exhibits only 
one, however, very large peptide repeat. Basically, the repeated 
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GGFGGGGFGS RSLVGLGGTK SISISVAGGG GGFGAAGGFG GRGopFGGGS! 
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Figure 3. Sequences of the amino- and carboxy termini of the 70-kDa kera-
t~n (a, b) an~ HK2e (a', b' ) an.d indication of consecutive glycine-rich pep-
tide repeats m the correspondmg Vl and V2 subdomains . 
motif comprises 17 amino acid residues of the consensus sequence 
GGG SRG GGSffGG GX~ S, which may vary slightly in the num-
ber of glycine residues of its central GGSGGGG subsequence. As 
indicat~d in ~ig 1, this large pep~ide motif is consecutively repeated 
seven times In the V2 sub~omaIn. Although extended peptide re-
peats are also encountered In the VI and V2 sub do mains of human 
and murine keratins K1 and K10 [19,21-23] , they never reach the 
complexity and extent seen in the 70-kDa keratin, in which more 
than half of the lengths of both the VI and V2 sub domains consist of 
consecutively repeated glycine-rich peptide sequences. 
orthologous Relationship of the Murine 70-kDa Keratin 
with Hum~n Keratins An examination of the repertoire of 
human keratinS reveals a 65-kDa, type II epidermal keratin, recently 
desig~at~d HK2e (11] to distinguish it from a highly related palatal 
and gingival. keratin, HK2p [24]. HK2e is the only potential ortho-
logous candidate for the murine 70-kDa keratin inasmuch as, leav-
ing its .distinctly l<;>wer size aside, it shares a strongly restricted 
expressIOn pattern In human epidermis [2,11] , as does the 70-kDa 
keratin in murine epidermis. As deduced from the amino acid se-
quence comparison shown in Fig 2, the 70-kDa keratin and HK2e 
exhibit an overall sequence homology of 76%. In particular, the 
penultimate head and tail portions-most characteristic for any 
individual keratin-show a high degree of sequence conservation. 
Moreover, a detailed analysis of the amillo- and carboxy termini of 
both keratins reveals that, with the exception of the first and last 
peptide sequences repeated twice in the VI subdomain of the 70-
kDa keratin, all other sequence motifs repeated in the V sub domains 
of the 70-kDa keratin (Fig 3a,b) are also encountered in the respec-
tive subdomains of HK2e (Fig 3a',b'). This includes the large 17 
amino acids motif whose consensus sequence in humans (GGG 
SGG GS~GGG GYGS) exhibits only two deviations from its mur-
ine counterpart. It is evident, however, that besides a non-tandem 
configuration of the repeated motif of the V2 subdomain of HK2e 
(Fig 3b'), any of the peptide repeats is present in a distinctly lower 
copy number in the human keratin. These sequence data speak 
clearly for an orthologous relationship between the two keratins. 
This notion is further confirmed by the investigation of the evolu-
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Figure 4. Phylogenetic tree for various human and murine type II keratins. 
The phylogenetic tree was constructed on the basis of the a-helical 2B 
subdomain of each of the proteins [26,27]. Nllmbers above the bratlches, branch 
lengths in amino acid replacements. The sequences are taken from HK2p 
[24], HK3 [28], MK4 [29J, HK2e [11], MK1119], MHRbl [27]. and MHb4 
[30,31]. 
tionary position of both the 70-kDa keratin and HK2e .within a 
large number of human and murine type II keratins expressed in 
differentiating cells of diverse squamous epithelia and adnexal 
organs. The phylogenetic tree shown in Fig 4 clearly demonstrates 
that the murine 70-kDa keratin and HK2e appear on the same 
evolutionary branch. From these results, we definitely conclude 
that the two keratins are orthologs and hence propose the designa-
tion MK2e for the murine 70-kDa keratin (Fig 4). Two dimension-
ally resolved keratin patterns from epidermal body sites expressing 
the 70-kDa keratin will therefore read as indicated in Fig 5. 
DISCUSSION 
In the present investigation, we have elucidated the full-length 
sequence of the murine type II 70-kDa keratin and show by se-
quence comparison and phylogenetic investigations that this kera-
tin represents the ortholog of the recently described human epider-
mal keratin HK2e [11]. In this context, it should be mentioned that 
the failure of a previous attempt to show this relationship between 
the two keratins [11] had to have occurred because our previously 
published partial sequence of the 70-kDa keratin [10] contained an 
incorrect amino acid sequence in its penultimate carboxy terminus 
due to an accidental deletion of a single nucleotide in the corre-
sponding cDNA clone. The definite identification of the murine 
70-kDa keratin and the human 65-kDa keratin as orthologous type 
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-MK14 
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. MK2e--
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Figure 5. Two-dimensional keratin patterns of adult mouse footpad (a) 
and ear epidermis (b). The keratins are designated according to the catalog of 
human keratins [2]. Open arrol/lheads, 64-kDa and 62-kDa stratum corneum 
equivalents of MKl [6] . Solid arrol/lheads, a 67 .5-kDa protein that is only 
visible in keratin extracts from MK2e expressing epidermal sites; most prob_ 
ably it represents a stratum corneum equivalent of MK2e [6]. 
II epidermal keratins MK2e and HK2e not only allows a compari-
son of these unusual members of the keratin multigene family 
among themselves but also enables a comparison with other ortho_ 
logous keratins that constitute the basic keratin pattern of mamma_ 
lian epidermis. 
The most salient feature of the two keratins is their remarkably 
large size difference of 5 kDa. As a rule, size variations of ortholo-
gous keratins that belong to the basic keratin pattern expressed in 
human and murine epidermis and internal squamous epithelia (KS/ 
K14; Kl/KI0; K4/K13) are on the order of magnitude of 1 to 
maximally 3 kDa (e.g., for the orthologous pair MK13/HK13 
[29,32,33]). On the other hand, the type I keratin K9, which,like 
K2e, exhibits a strongly restricted expression pattern in mammalian 
epidermis [7,8], also shows conspicuous size variations in different 
species. As for K2e, the largest keratin K9 occurs in mouse epider-
mis (73 kDa) and on the basis of sodium dodecylsulfate polyacryl_ 
amide gel electrophoresis (SDS-PAGE) estimates, exhibits a spec-
tacular size difference of 9 kDa relative to its 64-kDa human analog 
[7,8]. It therefore appears that unusually large interspecies size vari-
ations constitute a particular property of the highly specialized ker-
atins K2e and K9. 
Size differences between individual keratins are generally due to 
length variations of the glycine-rich VI and V2 sub domains of the 
non-a-helical head and tail portions of the proteins [3]. Accord_ 
ingly, the alignment of the orthologous keratins MK2e and HK2e 
reveals that in this case also the 62 amino acid residues responsible 
for the 5-kDa size difference of the proteins appear as additional 
amino acid residues in both the VI and V2 subdomain ofMK2e (Fig 
2). The spacing of these discriminatory amino acid residues does not 
seem to be random. As outlined in Fig 3, the evolutionary deter-
mined size difference between the orthologous keratins MK2e and 
HK2e is mainly due to a different duplication rate of glycine-rich 
sequence motifs in the VI and V2 subdomains of the keratins. In this 
context, the elucidation of the sequences of the murine and human 
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Figure 6. Demonstratio~ of MK2e exrression by non-radioactive in ~itu hybridization. Exp~ri~ents were carried out ?y hybridization of the digoxigenin-
labeled 690-bp BamH1 3 fragment 0 clone pk70-1 to paraffin sectIOns of adult mouse tail skin (a) and footsole skm (b, c) and revealed by an alkaline 
phosphatase-coupled antibody to digoxigenin and subsequent staining with X-phosphate and NBT [16]. In (a), only the region of the orthokeratinizing tail 
interscale epidermis is shown. (a) was stained for 3 h; (b) and (c) were stained for 6 and 12 h, respectively. Note the positive staining mainly in middle spinous 
and granular cells of the respective epidermis. The blue coloration of the dermis is unspecific and increases with time of exposure of the sections to X-phosphate 
and NBT. In the present case, it is, however, not undesired because counterstaining of the sections could be avoided. Bar, 100 p.m (a, c); 50 p.m (b). 
orthologs of keratin K9 will be particularly interesting with regard 
to a confirmation of this principle. It should be mentioned, how-
ever, that size differences between allelic variants of both HKl and, 
in particular, HK10 have also been found to be due to deletions or 
insertions of glycine-rich peptide repeats in the V2 subdomains of 
the keratins [34,35]. 
As for other keratins, the peptide repeats in the V subdomains of 
MK2e and HK2e fall into the category of sequences that are able to 
form so-called glycine loops [34-36]. These secondary structures, 
whose functional significance for keratins is still hypothetical [36], 
are assumed to form from peptide sequences that confortn to a 
common pattern of aromatic residues (or, less frequently, long-
chain aliphatic residues) followed by several consecutive glycines 
interspersed with occasional hydrophilic residues [36]. According to 
this principle, MK2e in particular would display a large number of 
highly symmetrical glycine loops in its V subdomains, whereas both 
features would distinctly be reduced in its human ortholog. 
Although MK2e and HK2e are common in their highly restricted 
eXf>ression patterns in ,murine and human epidermis, a variety of 
differences are, however, worth mentioning. Apparently in 
humans, HK2e is expressed in fetal skin, albeit in low amounts [11]. 
In contrast, the onset of MK2e expression in ear, tail, and footsole 
epidermis is clearly delayed to the first postnatal week [10] . In these 
body sites of the adult mouse, MK2e represents by far the most 
abundant keratin ([10]' Fig 5), whereas the overall expression of 
HK2e in human thigh, groin, and sole epidermis is distinctly lower 
[11 J. Using hI situ hybridization, Collin et al have shown that the 
mRNA of HK2e is induced subse'luent to that of HKl in upper 
spinous cells of human epidermis ll1]. In contrast, our previous 
radioactive in situ hybridizations seemed to indicate that the mRNA 
ofMK2e is synthesized simultaneously with that ofHKl in paraba-
sal epidermal cells [10]. We have therefore repeated the itl situ 
hybridizations by means of digoxigenin-labeled probes, which 
allow a more precise localization of the respective target mRNA 
([16] and our own unpublished results). Figure 6, which shows the 
results of these non-radioactive in situ hybridizations, clearly dem-
onstrates that also in the mouse the mRNA of MK2e is mainly 
synthesized in the middle spinous cells of tail and footsole epider-
mis, although occasionally MK2e mRNA-expressing cells are also 
found in the parabasal cell row. 
At present, the functional significance of keratin K2e in mouse 
and human epidermis is unknown. In both species, it is evident that 
K2e expression is limited to glabrous epidermis or to epidermal sites 
exhibiting a very low frequency of hairs. However, in contrast to 
K9, whose restriction in mammals to callus-forming epidermis has 
led to the plausible hypothesis that in concert with Kl and Kl0, this 
large keratin may provide reinforcement and resistance to glabrous 
skin sites that are subject to continuous mechanical wear and tear 
[7,8], both the pronounced diversity of the human and murine K2e-
expressing ~ody sites :md, in p:u:ticular, the extreme morphologic 
heterogeneity of munne ear, tall, and footsole epidermis do not 
allow a conclusive determination of its possible function in the 
mammali~n int.egume?t. T~e high degree of K2e expression in 
mouse epldernus relative to Its conspicuously lower abundance in 
human epidermis may, however, indicate that the role of this kera-
tin in human epidermis has diminished during evolution. 
As for the.fun~tion ofK2e, the understanding of the regulation of 
K2e expression IS also poor. K2e synthesis has not yet been induced 
in cultured human epidermal keratinocytes [11]. Similarly, prelimi-
nary data from our laboratory indicate that supplementation oflow-
Ca+l- .me~iw.n cul~es of keratinocytes from adult mouse tail epi-
dernus With mcreasmg doses of Ca+l-leads to the detection ofMKl 
transcripts, whereas MK2e transcripts could not be demonstrated. In 
vivo experiments in our laboratory have shown, however, that the 
synthesis of MK2e in adult mouse ear and tail epidermis is com-
pletely abolished by the induction of epidermal hyperproliferation 
in these body sites [11,37]. Because under these conditions keratins 
K6 and K17 are induced in differentiating cells [37,38], it appears 
that the synthesis ofK2e and the hyperproliferation-associated ker-
atins is mutually exclusive. Although the sensitivity of HK2e ex-
pression to hyperproliferation has not yet been explored, the find-
ing in mouse does not augur well for attempts to learn more about 
the regulation ofK2e expression by in vitro transfection studies with 
5' and 3' elements of the K2e gene, as K6/K16 and K17 expression 
is an inherent feature of cultured epidermal keratinocytes [6,39]. It 
may therefore be predicted that studies of the regulation of K2e 
expression can only be performed in transgenic animals. 
Finally, the identification of the murine 70-kDa keratin and the 
human 65-kDa keratin as orthologous keratins MK.2e and HK2e 
indicates that the repertoire of keratin synthesis in mammalian 
stratified squamous epithelia may be identical. In other words, it 
reduces the probability of the existence of species-specific keratins 
in mammals. It is clear, however, that a generalization of this hy-
pothesis still depends on the elucidation of the orthologous partners 
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of a murine type I 47 -kDa keratin expressed in basal epidermal cells 
[6], as well as of the human keratins K15.l40], K~6l41], and K2p 
[24]. With regard to the latter, appropnate studies are currently 
under way in our laboratory. 
We express our special thatlks to Ghristille Gollill (IIOW at tl,eIllstitutBionuidical des 
Gorde/iers, Paris) for the lIumerous stimulating discussions that were aimed at britlg-
ing ml/rille and humall keratins together. We also thallk Petra Siry for excellfllt 
technical assistance alld Margit MacLeod for typing the mantISCript. 
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